Abstract
Introduction
Heart failure (HF) is a particularly prevalent clinical condition, and it is estimated that there are 26 million people worldwide suffering from HF [1] . Many patients with HF may be accompanied by atrial arrhythmias, such as atrial fibrillation (AF). Though it is believed that there is a relationship between atrial arrhythmias and HF [2] , the causative relationship between the two is incompletely understood.
Several studies have shown structural and electrical remodeling of the atria as a result of HF. Atrial myocytes from sheep or canine hearts with HF induced by ventricular tachypacing showed reductions of the density of L-type Ca 2+ current (ICaL), transient outward K + current (Ito) and slow delayed rectifier current (IKs), and an increase of transient inward Na + /Ca 2+ exchanger (INCX) current compared with normal hearts [3] [4] [5] [6] . In addition, HF has impact on atrial myocyte cellular Ca 2+ ]i release) and prolonged action potential duration (APD) in HF myocytes [7] . On the contrary, Clarke et al. showed a reduction in Ca 2+ transient, shortened APD and reduced Ca 2+ transient with an ovine model of HF [3] . All of these changes may contribute to abnormalities in the propagation of electrical excitation waves. However, the effect of electrical remodeling at the cellular level induced by HF on atrial electrical properties at the tissue level that promotes atrial arrhythmias has not yet been fully elucidated.
In this study, the effects of HF-induced changes of several ionic currents (ICaL, Ito, IKs, INCX) were based on experimental data of sheep or canine atria cells, which were incorporated into the sheep atrial cell model developed by Butters et al. [8] . At the single cell level, effects of such HF-induced electrical remodeling on the action potential (AP) profile and APD as well as the intracellular Ca 2+ transient were evaluated. Furthermore, the single cell models were incorporated into an anatomically accurate and biophysically detailed 3D model of the sheep atria. We used a GPU-based simulation [9] effectively to quantify the effects of the HF-induced remodeling on: (1) APD dispersion across the atria; and (2) vulnerability of the tissue to the initiation of conduction block in response to a premature stimulus that underlies the genesis of atrial arrhythmias.
Methods

Atrial cell models with HF-induced electrical remodeling
We used a set of cellular models of sheep atrial myocytes developed by Butters et al. [8] that took into considerations of the intrinsic electrophysiological Table 1 ) under HF based on the experiment data of the sheep [3] . As data from sheep may be incomplete, we also assumed similar changes of ICaL, Ito, IKs and INCX as shown in canine HF atrial cells [4, 5] as shown in cases of HF-2 and HF-3 in Table 1 . We compared the obtained results in the three HF conditions with those in normal condition for the calculated APD and Ca 2+ transient amplitude, which were validated by experimental data. After validation, we evaluated the effect of HF-induced electrical remodeling on electrical properties of atrial myocytes.
GPU-based 3D sheep atrial model and analysis of APD distribution and tissue vulnerability
The anatomically accurate and biophysically detailed 3D model of the sheep atria developed by Butters et al. [8] was used in this study. In order to run the simulation of the 3D whole atrial model, we adopted the efficient GPU CUDA algorithm developed by Xia et al. [9] .
In the organ model, three consecutive stimuli were applied to the sinoatrial node (SAN) region at a basic cycle length (BCL) of 500 ms to initiate the conduction of electrical excitation waves in the 3D atria for control and HF conditions. The APD distribution across the whole atria for each condition was mapped by calculating the APD90 of every atrial myocyte.
The vulnerable window (VW) for unidirectional conduction block (VWCB) in response to a premature stimulus was calculated in control and HF conditions. In simulations, standard S1-S2 pacing protocol was applied to the tissue regions of the CT/PM junction, following the same approach as used in Colman et al. [10, 11] . Three S1 stimuli were applied at a cycle length of 500 ms for control and HF models, followed by a shorter-coupled S2 stimulus. The range of the time interval between the last S1 and S2 (i.e., the coupling intervals) for which the electrical wave could propagation in one atrial tissue region but was blocked in the other was considered as the VWCB.
Results
Effects of HF-induced electrical remodeling at single cell level
With consideration of remodelled ICaL alone in sheep LA cell under the HF (HF-1) condition, the simulated AP at 0.5Hz demonstrated a more triangular profile ( Figure  1Aa ), a decreased magnitude and duration of the Ca 2+ transient (Figure 1Ba) , and a reduced APD90 by 9.5% (Figure 1Ab) , and a reduced amplitude of systolic Ca 2+ transient by 13.02% (Figure 1Bb ) as compared to the control condition. These simulation results were much smaller compared to the experimental observations by Clarke et al. [3] , who showed a reduction in APD90 by 22% and a reduction in the amplitude of systolic Ca 2+ transient by 46 17%. When cases of HF-2 and HF-3 were considered, the simulated results showed a reduction in effective refractory period (ERP) and APD90, which were opposite to the observation of Cha et al. [4] and Li et al. [5] , who showed increases in both of them. Therefore, in the following studies, HF-1 condition was used. However, the electrical heterogeneity at the junction region of CT/PM junction sustained, but became negligible at the LA/PV junction. The APD90 difference between CT and PM was 37.28 ms in control versus 40.73 ms in HF, and for LA and PV it became 16.87 ms in control versus 2.01 ms in HF. Therefore, the regional heterogeneity still retained in most regions even though the HF-induced remodeling resulted in a shortened APD in most atrial cell type. This was similar to the observation of Colman et al. [10] , who showed that AFinduced electrical remodeling shortened APD, but sustained spatial heterogeneity at CT/PM junction.
3.2.
Effects of HF-induced electrical remodeling at 3D whole organ level Figure 3 shows the geometrical structure in vertical and bottom views ( Figure 3A ) and spatial distribution of APD90 ( Figure 3B ) for the tissue around the CT and PM regions. In HF condition, the measured APD of every myocyte across the CT and PM regions was slight shorter (ranging from 1ms to 17ms) than the one in control condition. The APD90 of PM at the triangular region (red region in Figure 3B ) was longer than the one of CT. This might be attributed to the cell-to-cell electrical coupling at tissue level between PM and BB, as PM at the triangular location was close to the BB region at which isolated cells had the longest APD90 in the whole atrium. Although the APD90 in CT and PM regions at the tissue level was also reduced, but the APD90 heterogeneity at the junction was preserved. For example, the difference in APD90 between single location within CT and PM regions respectively close to CT/PM junction was 7.35ms in control versus 10.07 in HF ( Figure 4A) . Figure 4 represents the difference in APD90 and the VWCB at the region of CT/PM junction in 3D sheep atria in control and HF-induced electrical remodeling models. HF resulted larger VWCB with shorter coupling intervals compared with control ( Figure 4B ), which were 3 ms (from 226 ms to 228 ms) in control and 5 ms (from 217 ms to 221 ms). Figure 5 shows the conduction block at the CT/PM junction after a premature S2 stimulus. The conduction was permitted in the PM, but failed in the CT ( Figure 5B ). This might be attributed to the incomplete recovery of CT tissue with longer APD90 than PM tissue from the previous S1 stimulus, underlying the genesis of atrial arrhythmias.
Discussion and conclusion
In this study, we investigated the effect of HF-induced electrical remodeling on the initiation of atrial arrhythmias by evaluating the changes of electrical properties at both single cell level and 3D atria level. It was shown that at the single cell level, due to reduced ICaL, HF resulted in a reduced APD90 and Ca 2+ transient amplitude for all cell types except for the PV cell. However, at the tissue level, the electrical heterogeneity was preserved in the junction between CT and PM, though reduced at the LA and PV junction. Especially the difference of APD90 between CT and PM regions was augmented in HF condition as compared to control condition, resulted in an increased tissue's vulnerability for initiation of blocked excitation waves by a premature stimulus at the 3D atria level. Our study provided more insights into understanding the mechanism by which HF promotes atrial arrhythmias.
